The object of this paper is to analyse the sedimentologic characteristics of old and new terrace sediments from the Pawmpawm River channel. The morphometric characteristics of the terrace materials give credence to the hydrologic dynamics of the river as it performs its core functions of erosion, transportation and deposition with time. The terrace materials are evidenced from their petrographic composition and characteristics. Analysis of terrace materials for their effective sizes, uniformity coefficient as well as Trask sorting indices has shed mure light on the sedimentologic aspects of the river terrace materials, which have undergone varying degrees of alteration in the fluid medium. Using semi-log plots of cumulative percentage curves, the terrace stratigraphic materials showed increasing and decreasing particle sizes with depth, along the Pawmpawm river channel for subsurface (old) and surface (new) terrace materials respectively. The terrace materials from the Pawmpawm River demonstrate differential size composition due to different hydrologic processes and morphologic resistance of the lithology to erosion.
INTRODUCTION
It is a truism that Streams are effective erosive agents (Jacobson et al., 2009) . They remove materials from the banks and the bed of their channels in several ways (Doerr, 1990; Carlson et al., 2006) . The rock thickness of about 55 m of the quartzite unit outcropping along the knick zones of the Pawmpawnm River (Fig.1) , requires both narrowing and steepening to enhance shear stress sufficient to maintain uniform incision relative to the upper and lower gorges (Jensen, 2006; Crosby and Whipple, 2006) . This phenomenon can also be akin to the general trends of stream long profile development. This is so because of the nonhomogeneity in lithologic characteristics and multi-channel morphology coupled with the changing stream regimes (Jacobson et al., 2003) . The processes of river deposition complement the processes of erosion and transportation within a stream channel, ostensibly leading to a form of a dynamic equilibrium (Seidl and Dietrich, 1992) . The Pawmpawm River has experienced a number of terracing mechanisms, supporting periods of major bank-full stages and recession episodes in the recent past.
Surface or new deposits of terrace sediment have different physical characteristics than the subsurface older, buried soils upon which they were deposited (Tucker et al., 1999) . The buried soil is generally darker and more uniform in colour. The sediment deposits are generally less dense, with a wider range in grain sizes. Sediment deposits often show distinct stratification or layering. In the views of Chase (1992) , erosion at different portions of channel slope generates different elevation levels. The transport slope-limited eroded material and deposit alluvium, are carried based on a suitable gradient threshold assumption (Sinclair and Ball, 1996) .
In support of this, Carlson et al. (2006) have maintained that it is fair to mention the idea of grade as embodied in the concept of balance between erosion and deposition. This is because some streams are evidently filling in their valleys, while others are just clearly excavating theirs. The sedimentary regime in the Pawmpawm channel network is more complex but, over periods of years, a state of quasiequilibrium is plausible (Allen, 1994) .
Temporal variability in bed load transport rates and spatial variability in sediment storage have been reported with increasing frequency in recent years. This is because, the mean particle size on a streambed as well as the entire spectrum of particle sizes, affect the hydraulics of flow as well as stream load transport rates (Hoey, 1992) . Studies concerned with the mechanics of particle entrainment, particle transport and deposition need to include the description and comparison of particle shapes (Hayakawa and Oguchi, 2005) . Studies by Tucker and Slingerland (1996) indicate that an increase in fine sediment in the channel reduces geometric mean particle size and gravel permeability. Again, the extent of sediment deposition in interstitial spaces among gravel particles does change with distance along the channel (Young et al., 1990; Bjornn and Reiser, 1991) . This is because the presence or absence of unusually large particles can greatly affect the relative proportions of the other size classes (Young et al., 1990) . Sediment discharge of a river is defined as the mass rate of transport through a given cross section, measured as mass per unit time per unit width (Carlson et al., 2006; Jacobson et al., 2009) . Particle size composition of suspended sediment can also be expected to vary at individual sites in response to changes in discharge, and such variations have been widely documented (Imaizumi et al., 2009; Loget and Driessche, 2009; Hoey, 1992; Jacobson et al., 2003) . These define the initial conditions for a numerical study of the interactions between large-scale foreland basin and small-scale sedi-
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Terrace sediments from Pawmpawm River channel ... 37 ment-entraining channel processes (Robinson and Slingerland, 1998) . Accordingly, accurate prediction of transport rates of the largest to smallest particles in streams is important for models in which the evolution of the surface grain size distribution determines subsequent bed load morphology and transport rates (Gaeuman, et al., 2009) .
However the precise nature of the relationship between particle size composition and stream discharge exhibits considerable variation (Gaeuman et al., 2009) . The transport of bed and soil materials in natural water courses and the resulting changes in the configuration of the bed are important problems to the water resources projects (Doerr, 1990) .
The Pawmpawm River demonstrates perennial characteristics in terms of its discharge regimes. Like most tropical small rivers, the Pawmpawm River is significant because it exhibits morphologically appealing features along its course. For instance, the river has a near perfect hyperbolic horizontal cross profile; knick points giving rise to numerous rapids and waterfalls, massive sedimentary channel basement formation, that truncate vertical erosion at most sections of the river's channel and other 'alluviation' processes (Crosby and Whipple, 2006) . The sedimentologic study of the terrace materials of the river is based on the hypothesis that surface and subsurface terrace sediment bear no semblance in terms of the textural configuration. The main objective of this paper is to ascertain, through the analysis of the terrace characteristics to either corroborate or contradict the above hypothesis.
MATERIALS AND METHODS

Profile of the Study Area
The Pawmpawm River is a small tributary of the rivers Afram-Volta network system of Ghana. It was one of the major right-bank tributaries of the Afram River. The Pawmpawm Drainage basin is located on Latitude 6º08' and 6º15' N and Longitudes 0º06' and 0º18' W (Fig.  1) . It is on an elevation of between 288.8m and 91.2m above mean sea level within the Yilo Krobo District, North-eastern part of Koforidua and North-western part of Somanya on an angular bearing of 050º and 290º respectively, in the Eastern Region of Ghana.
Geology of the study area
The study area is partly covered by the Voltaian Formation as well as the weathered Togo Series. The Togo Series is made up mainly of quartzites, schists, quartzitic sandstone, phyllites and minor sandstone (Kesse, 1985) . The result of Precambrian geologic upheavals (Carlson et al., 2006) led to the formation of a vast basin. In this basin, an admixture of weathered, eroded and mass gravity-moved rocks debris and sediments from the surrounding lands, were deposited. These sediments form part of the Voltaian Formation, which covers nearly two-thirds of river basin. The Voltaian Formation consists primarily of weathered sandstone, shale, mudstones, and limestone, which forms the Abetifi and the Anyaboni soil series.
The lithologic influence of the sub-stratum on the morphometry and hence the morphology of the Pawmpawm River basin is pronounced. Direct dissections of the basin by the numerous streams (Seidl and Dietrich, 1992) are in response partly to the presence of the basal lines of weakness that may have resulted from the Nkurankan-Oterkpolu and Afram faulting. Consequently the drainage pattern of the sub-basin is dendritic, reflecting the presence of massive and resistant rock to direct head-ward erosion. Thus, the effect of bedrock determines the rates and mode of fluvial action (Wohl and Ikeda, 1998) . The combined effect of the above geologic characteristics and processes therefore explains the preponderance of the quartz-rich sediment and quartzite pebbles on the terraces of the Pawmpawm River basin.
Field Sampling
Three different, sampling points along the river were identified as the upper, middle and lover courses of the river. At these sections, one-laboratory in order to determine various size distributions. Disintegrated terrace materials were subjected to mechanical analysis using U.S Standard Sieve Series, Endecotts (Filters) Ltd., London, England, sieves (See appendix 1) of the following apertures, measured in millimetres and phi values of: (5.0, 2.5, 1.25, 0.63, 0.315, 0.16, 0.017, 0.050 and 0.40) mm were used.
The sieves were mounted on the mechanical shaker with the sediments and shaken for about 20-30 minutes in order to separate the particles into their respective grades of sizes passing through and those retained in the previous and the next sieve of different sieve apertures respectively. After that, the respective masses of retained sediment were determined and converted into percentages. The cumulative percentages of each type of (surface and subsurface) sediment passing through different metre deep pits were dug at 3-metres horizontal intervals away from the effective present channel. This was to collect sub-surface (old) terrace sediments samples. Surface (new) terrace sediment samples were collected at the surface closer to the present channel bank. Some of the samples were also picked by wading through the stream; this is because wadeable streams are easier to sample when less water is in the channel (Flotemersch, et al., 2006) .
Terrace Sediment treatment
Samples of variable weight for each of the subsurface and surface terrace materials were collected from the pits and some current stream channels and oven-dried at 80°C for about 12 hours. Fifty (50) grams each of the dried sample were weighed for treatment and analysis in the Ecological Laboratory of the University of Ghana. The samples were screened to grain fractions using sieves in the
Appiah
Fig. 1: Map of the Pawmpawm River Basin showing the sampling points
The results of equations (1) and (2) with (3) are different because they are based on different percentiles. Graphic geometric sorting coefficients computed from percentiles in mm are dimensionless. The results also determined the qualitative descriptions defined by Folk and Ward (1957) and cited in Simon and Pye, (2001) (such as very coarse sand and moderately sorted.
RESULTS AND DISCUSSION
Textural analysis and output of terrace materials from the Pawmpawm River channel
According to Young et al. (1990) , particle size analysis is a common method of showing graphically the textural characteristics of a soil and sediment. This is usually done by means of particle size distribution properties such as the sorting indices, effective sizes and uniformity ratios as well as the textural properties (Young et al.,1990) . In terms of graphical output, the graphs of the grain size distribution and cumulative distribution of the data were presented in both metric and phi units. Further descriptions of particle characteristics were obtained by determining the Effective size and the Uniformity coefficient from Hoffman (1994) as widely used in stratigraphic facies analysis. To throw more light on the particle characteristics of the terrace materials in the Pawmpawm river channel, textural curves were developed to show the distribution trends in the samples.
sieve apertures for the samples were also recorded. Naming of the different sizes was done with reference to the Wentworth (1922) scale .
Some conversions that were made involved the extrapolation of the median, representing 50 th per cent of materials passing through sieves and percentiles (P 90 and P 10 ) that represented 10 and 90 percent respectively passing through sieve from a textural semi-logarithmic chart. The size distribution of the samples were divided into size fractions based approximately on the Udden-Wentworth size classification scale and the φ-size of the particles, given by the relation φ= −log 2 d mm , where d mm is the diameter of material in millimetres (Lick, 2009) . A test was used to determine if differences between upstream and downstream sampling points were statistically significant at α = 0.05. This was done in order to ascertain the hypothesis that surface and sub-surface terrace sediment do not bear relational semblances and so do downstream particle sizes of sediment remain unchanged at both the upper and lower reaches of the river.
The theory underpinning the analysis of the terraces materials was based on the Geometric approach. This was used for the estimation of the various Sorting coefficients (S o ) of the terraces sediments. This approach is commonly based on four percentiles of sediment diameters respectively: D 16 and D 84 (the percentiles at the point of curvature), and D25 and D75 (the two quartiles). Trask's mixed approach uses only the three quartiles D 25 , D 50 , and D 75 . On this score, Sorting coefficients (S o ) was used to determine degree of sorting of the terrace materials. The logarithmic expression in eq. 1 was applicable in determining the sorting coefficient of the data in the following relationship: 
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The computed percentage of the various grain sizes in the screened terrace sediments for surface (new) and sub-surface (old) terrace sediments alongside the respective sieve apertures are presented in Tables 1 and 2 for sampling stations at Oterkpolu, Akpan and Bukunor. The corresponding determined Sorting Indices (So), E f f e c t i v e S i z e s ( E s ) a n d U n i f o r m i t y Coefficients (Uc) for the various grain sizes are also presented in The effective size is defined as the particle size for which 10% of the soil particles are finer (D 10 ). The Uniformity Coefficient is the particle size for which 60% of the soil particles are finer (D 60 ). These terms though arbitrary serve as a guide in describing a soil, particularly in connection with soil consistency characteristics. The higher the Effective size, the coarser is the smallest 10% of the sample.
A higher uniformity coefficient indicates a well -graded soil sample (Hoffman, 1994; Young et al., 1990) . A unifor mity coefficient of 41 Terrace sediments from Pawmpawm River channel ... (Figs 2 and 3) . Thus, a positive relationship between particle size composition and stream discharge is reported.
Based on the analysis, the hypothesis that downstream particle sizes of sediment remain unchanged at both the upper and lower reaches cannot be accepted. It has been proven from the tests and laboratory analysis that sorting indices keep changing with time, though not conside-rably. Sequential differential deposition of materials led to particle size diminution with distance toward lower reaches. Thus, the effective sizes calculated, decreases with distance and with time, so did the sorting indices (Table 3 ).
The analyses of the samples implies that terrace (surface and subsurface) materials collected were of variable particle sizes configuration a function of the underlying geology (Matsuda, 2004; Grant, et al., 1990) . However, almost all the samples had small values for their effective 3.13 respectively for subsurface terraces; while 0.075mm and 2.27mm effective size and uniformity coefficient were derived for the surface terrace materials respectively. Terrace sediment materials from Akpan also yielded values of 0.16 mm for the effective size and the uniformity coefficient of 3.13 for the subsurface terrace material, while the surface terrace materials were 0.20mm effective size and a uniformity coefficient of 2.45 respectively.
Finally, the terrace materials from Bukunor (the mouth of the river) had an effective size of 0.05 mm and a uniformity coefficient of 2.47, for the subsurface terrace material and 0.088 mm and 2.50 effective size and uniformity coefficient respectively. In addition to this, a sorting index of 1.50 was also calculated. These findings give credence to the fact that in stream terracing due to the creation of knick point in the course of the stream flow, the hydraulic capabilities to perform its effective function of erosion, transportation and deposition are intricately deciphered along the channel (Jacobson et al., 2011) . These differentiation, usually, are a function of the stream energy, the morphology of the channel topography and the characteristics of the load being transported. Under these conditions, the terrace materials so deposited and sorted, would range from very well-sorted to poorly sorted as in the cases of the Akpan (Fig. 5 ) and the Boti (Fig. 3 ) plunged pool sections, respectively.
The fluvial deposits in the Pawmpawm River show a decrease in particle size toward the surface (new) from subsurface (old) stratigraphically for the channel deposits. It also shows particle size reduction from the upper through to the lower stretches of the river channel (Slattery and Burt, 1997) . The reduction in particle grades 'upwards' towards the surface and 'downward' along the channel, are as a result of the reduction in the stream power. This is expressed in the differential terrace material deposition (Hayakawa and Oguchi, 2005) . This is because during storm flow, the coarser matsize (0.075-0.2 mm), an indication of the fact that all the samples selected have fine, finer to very fine grades. It is obvious from the analysis (Fig. 5) , that terrace materials are well graded and sorted. These are further confirmed by the relatively high values of their uniformity coefficients calculated (2.27 to 3.87).
Discussions
of the terrace particle characteristics The hypothesis sought to validate or otherwise that there is no relationship whatsoever between surface (new terrace materials) and subsurface (old terrace materials), sediments from the river terrace. This is as a result of the better sequential sorting of sediment materials with the elapse of time that characterized the samples for both old and new terrace materials. There are other inherent characteristics such as the effective size and the uniformity coefficients that were used to analyse both the subsurface and surface terrace materials. These old and new terrace materials have perfect relational semblances in terms of the morphometric characteristics.
Terrace materials from the Boti plunge pool presented deposits from instant drop-down in slope along the cascade of the river into the plunged pool. The phenomenon yielded sediments of different size, mixtures from the plunge pool. Effective size of 0.075mm and a uniformity coefficient of 3.87 respectively obtained for these materials indicate that about 80% of the sampled terrace materials were of uniform sizes and were poorly sorted (Fig. 4) . As a result of instant deposition from the knick point, particle size configuration did not have ample time for natural sorting and grading as the materials were interspersed in armour of fine to coarse gravels deposits with particles of all sizes present (Hoffman, 1994) .
The terrace materials from Oterkpolu provided information on the degree of sorting and particle morphometry in the mid-section of the river. The samples analysed yielded Effective size and uniformity coefficient of 0.08 mm and According to Matsuda (2004) , reasons for the change in terrace material grain sizes with depth and distance from the channel, seems to suggest that vigorous erosive and transportation characteristics of a river do occur in some times past. Alternatively, stream stor m intensity, duration, and frequency may be kept constant, in which case the processes are reduced to the "effective rainfall intensity" as the main cause (Tucker, and Slingerland, 1996) , and cited in Tucker, et al., (1999) .
The flow competence of palaeo-floods is widely inferred from their coarse-grained rivers channel deposits, which demonstrate clastic material properties (Crosby and Whipple, 2006; Wohl, 1992) . Palaeo-hydrologic applications are dependent on progressive entrainment of finer to coarser particles over some measurably wide range of flow conditions (Grossman, 2001; Jacobson et al., 2011) This is a reinforcement of the assertion that the Pawmpawm River used to frequently get to its spate due to frequent over-bank flow which is also a function of high discharge supplied by intense rainfall and flush floods as evident during the field observation and measurements.
The pattern and trends of terrace materials distribution implied that there had been cases of materials re-deposition in the river channel. This is a phenomenon attributable to the fairly constant inherent hydrological dynamics of the transporting medium. This observation, therefore, agrees with observations made by Gaeuman et al. (2009) , that the lower Sorting coefficients at the mouth of a river do not necessarily imply deposition under flooding condition. This condition was particularly typified at the downstream Bukunor (Fig. 6 ) of the Pawmpawm River, and therefore affirming the alternative hypothesis that there are considerable semblances between the surface and sub-surface terrace sediments. The plausible reason could be similar to geomorphologic and hydrologic processes that operate in tandem with reworking, re-sizing, re-sorting and redepositional activities on the petrography of the terrace sediment. This according to Gomez, (2006) could lead to the sedimentary characteristics of the terrace sediments from the upper to the lower reaches of the river, becoming altered considerably (Robinson and Slingerland, 1992) .
This study supports part of the ideas of Jacobson et al (2011) , that the complexities of a river system can be understood when the various sub -units are identified separately, though having an integrative dimension. The transport of sediment in natural watercourses and the resulting changes in the configuration of the bed are important (Imaizumi, et al., 2009) . It must also be noted that terrace sediment is clearly important in resisting applied stress, but it is also an important control on the rate of terrace sediment settling (Jacobson et al., 2009) . In a fluid under laminar flow conditions, the fall velocity or terminal velocity of a particle is reached when the viscous drag on the particle is equal to its submerged weight.
Thus, a positive relationship between terrace sediment composition and stream discharge is reported. But Crosby and Whipple (2006) also describe some relationship between the terrace sediment compositions that remains essentially constant over the entire range of discharge changes in the channel. The tendency for suspended sediment to become coarser as flow increases may be accounted for in terms of increasing transport capacity, and competence, which promotes collision and accretion of particles of the terrace sediment within the channel (Hayakawa and Oguchi, 2005) , whereas the reverse is usually explained in terms of increased supply of fine sediment eroded from the slopes of the drainage channel (Crosby and Whipple, 2006) .
CONCLUSION
Active stream competence is a measure of the energy that drives its core functions of erosion, transportation and deposition. In doing this with time, the hydrologic characteristics of the fluid medium depends largely on the load composition of the material entrainment. The Pawmpawm River has demonstrated a variety of hydro-sedimentologic characteristics, which have been expressed by the properties of its terrace materials that were analysed. The sedimentologic characteristics of the terrace materials showed a progressive diminution from the upper course of the river to the lover and mouth in the lower plains. The series of accentuated knick points that were formed from previous depositions due to successive rejuvenation of the streams channel support the assertion that the river has been considerably consistent in performing its main functions, by combining its capacity and effectiveness.
The results from the field sampling and laboratory analysis of the terrace sediments both surface (new) and subsurface (old) from the channel revealed that the materials did not deviate from each other significantly, in terms of the Sorting Indices, Uniformity Coefficients, and Effective Sizes. The sediments showed, in respect to locations and type, very well sorted to poorly sorted grades. The particle size/grade analyses for the terrace materials have revealed that the Pawmpawm River has been transporting its load differentially, in accordance with the velocity and topography of the channel along the reach of the river. This signifies that the river over the years has been performing the functions of occasional re-working, re-sorting and re-deposition of the sediment materials in the channel. The reason identified being that the impedance to flow and occasional abrupt slack in the velocity of flow, occasioned between the Boti and Oterkpolu reaches that allowed for some limited degree of sorting and deposition.
The study recommends that for the sustainable usage of river infrastructure works such as culverts, bridges and other installations, it is important that civil engineering takes into account the dynamics of the river sediment yield ration and the stream capacity to transport its load differentially. Further studies on the flow characteristics and sediment-yielding capacity of the Pawmpawm River are recommended for future consideration.
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